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Given  the  emerging  difficulties  with  malaria  drug  resistance  and  vector  control,  as  well  as  the  persistent  lack 
of  an  effective  vaccine,  new  malaria  vaccine  development  strategies  are  needed.  We  used  a  novel  methodology 
to  synthesize  and  fully  characterize  multiple  antigen  peptide  (MAP)  conjugates  containing  protective  epitopes 
from  Plasmodium  falciparum  and  evaluated  their  immunogenicity  in  four  different  strains  of  mice.  A  di-epitope 
MAP  (T3-T1)  containing  two  T-cell  epitopes  of  liver  stage  antigen-1  (LSA-1),  a  di-epitope  MAP  containing  T- 
cell  epitopes  from  LSA-1  and  from  merozoite  surface  protein-1,  and  a  tri-epitope  MAP  (T3-CS-T1)  containing 
T3-T1  and  a  potent  B-cell  epitope  from  the  circumsporozoite  protein  central  repeat  region  were  tested  in  this 
study.  Mice  of  all  four  strains  produced  peptide-specific  antibodies;  however,  the  magnitude  of  the  humoral 
response  indicated  strong  genetic  restriction  between  the  different  strains  of  mice.  Anti-MAP  antibodies  rec¬ 
ognized  stage-specific  proteins  on  the  malaria  parasites  in  an  immunofluorescence  assay.  In  addition,  serum 
from  hybrid  BALB/cJ  x  A/J  CAFl  mice  that  had  been  immunized  with  the  trl-epltope  MAP  T3-CS-T1  suc¬ 
cessfully  inhibited  the  malaria  sporozoite  invasion  of  hepatoma  cells  in  vitro.  Spleen  cells  from  immunized  mice 
also  showed  a  genetically  restricted  cellular  immune  response  when  stimulated  with  the  immunogen  in  vitro. 
This  study  indicates  that  well-characterized  MAPs  combining  solid-phase  synthesis  and  conjugation  chemis¬ 
tries  are  potent  immunogens  and  that  this  approach  can  be  utilized  for  the  development  of  subunit  vaccines. 


Malaria  continues  to  be  a  major  cause  of  mortality  and  mor¬ 
bidity  in  tropical  areas  of  Africa,  Asia,  South  America,  and  the 
South  Pacific,  causing  an  estimated  300  to  400  million  new 
cases  and  more  than  1.1  million  deaths  annually  (51).  The  emer¬ 
gence  of  parasites  that  are  resistant  to  multiple  drugs  and  of 
mosquitoes  that  are  insecticide  resistant  has  exacerbated  the 
problem.  While  a  number  of  vaccine  candidates  have  made  it 
into  clinical  trials,  few  have  shown  great  promise  (20,  27,  35, 
39,  42,  45,  49).  These  factors  emphasize  the  need  for  the  con¬ 
tinued  development  of  new  malaria  vaccine  strategies  to  im¬ 
prove  public  health  in  areas  of  malaria  endemicity  and  for 
visitors  and  short-term  residents  of  those  areas. 

The  life  cycle  of  the  malaria  parasite  is  complex;  the  stages 
in  humans  are  morphologically  and  antigenically  distinct  and 
immunity  tends  to  be  stage  specific  (10,  22).  This  stage-specific 
gene  expression  actually  presents  an  opportunity  to  target  an¬ 
tigens  in  several  stages  as  potential  vaccine  candidates.  The 
circumsporozoite  (CS)  protein  (5)  on  the  surface  of  early  sporo¬ 
zoites,  liver-stage  antigen-1  (LSA-1)  (17,  23,  52),  expressed 
when  sporozoites  invade  liver  cells,  and  merozoite  surface  pro¬ 
tein-1  (MSP-1)  (21),  expressed  by  late  liver-  and  blood-stage 
parasites,  are  among  the  handful  of  antigens  that  have  been 
shown  to  have  stage-specific  activity  to  target  different  devel¬ 
opmental  stages  of  the  parasite  and  potentially  lead  to  better 
protection. 
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Crude  antigen  or  attenuated  malaria  vaccines  would  be  hard 
to  produce,  given  the  difficulty  and  hazards  associated  with 
mass  production  of  parasites,  the  potential  presence  of  adven¬ 
titious  agents,  and  the  possibility  of  side  effects  due  to  incom¬ 
plete  attenuation.  Synthetic  polypeptides  as  vaccine  antigens 
provide  a  safer  alternative  to  these  conventional  vaccine  ap¬ 
proaches.  Peptide  vaccines  can  be  even  more  effective  by  fo¬ 
cusing  the  host  immune  response  on  epitopes  known  to  play  a 
role  in  protective  immunity  and  have  been  shown  to  elicit 
better  cell-mediated  immunity  and  to  induce  specific  antibody 
responses  (18,  30,  34,  38),  although  constructs  containing  lin¬ 
ear  B-cell  epitopes  from  malaria  antigens  have  not  always  met 
with  their  expected  success  (2,  9, 19).  Both  antibody-dependent 
and  -independent  T-cell-mediated  protective  immune  mecha¬ 
nisms  are  operative  at  different  stages  of  the  parasite  life  cycle 
(4,  10),  so  the  ideal  vaccine  should  combine  epitopes  identified 
as  strong  inducers  of  immunity. 

Over  the  past  several  years,  considerable  progress  has  been 
made  toward  the  development  and  structural  design  of  com¬ 
plex  polypeptides  to  be  used  as  antigens.  Multiple  antigen 
peptide  (MAP)  conjugates  provide  a  means  to  include  differ¬ 
ent  stage-specific  peptides  on  one  molecule,  resulting  in  a 
multiepitope,  multistage  vaccine  molecule  that  can  potentially 
lead  to  better  protection.  MAPs  (11,  46)  offer  a  very  attractive 
alternative  to  the  conventional  linear  peptide  approach  based 
on  a  small  immunologically  inert  core  molecule  of  radial 
branching  lysine  residues  onto  which  a  number  of  peptide  an¬ 
tigens  can  be  anchored.  This  results  in  a  large  macromolecule 
with  a  unique  three-dimensional  configuration  which  has  a 
high  molar  ratio  of  peptide  antigen  to  core  molecule  and  does 
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not  require  a  carrier  protein  for  elicitation  of  the  immune 
response.  The  MAP  system  has  already  been  shown  to  be 
valuable  in  immunological  studies  of  vaccine  development  in 
malaria  and  other  systems  (7,  28,  33,  36,  47). 

The  construction  of  multiepitope  malaria  vaccines  of  de¬ 
fined  composition  has  been  challenging,  with  technical  diffi¬ 
culties  in  both  the  synthesis  and  purification  of  product.  Use  of 
classical  solid-phase  synthesis  methodologies  in  making  the 
traditional  MAP  presents  difficulties  that  often  result  in  a 
highly  heterogeneous  product  (36).  In  many  cases  it  becomes 
impractical  to  obtain  a  reasonable  amount  of  well-character¬ 
ized  product  to  be  evaluated  as  a  potential  vaccine  candidate. 
We  recently  overcame  these  difficulties  and  have  successfully 
synthesized  a  novel  multiple  peptide  conjugate  containing  im¬ 
munogenic  epitopes  from  two  Plasmodium  falciparum  surface 
proteins  (CS  protein  and  MSP-1)  and  from  LSA-1  that  can  be 
used  to  produce  well-defined  subunit  vaccines  in  high  yield  (3). 
A  solid-phase  peptide  core  was  synthesized  on  a  branched 
lysine  base  and  then  purified  by  high-performance  liquid  chro¬ 
matography.  The  resultant  molecule  was  then  reacted  with 
purified  holoacetyl  peptides  to  form  the  MAPs  in  liquid  phase, 
with  molecular  masses  of  10  to  13  kDa. 

Protective  P.  falciparum  epitopes  identified  through  immu- 
noepidemiologic  studies  in  humans  (8,  24,  41,  44)  and  in  mice 
(28,  36)  were  combined  in  di-  or  tri-epitope  conformations  into 
three  MAP  constructs,  and  their  immunogenicity  was  evalu¬ 
ated  in  mice  of  diverse  genetic  backgrounds.  Incorporation  of 
immunodominant  T-cell  epitopes  from  LSA-1  or  MSP-1  and  a 
B-cell  epitope  from  the  CS  protein  may  provide  better  protec¬ 
tion  in  a  primary  infection  or  in  boosting  of  a  natural  infection. 
In  this  report  we  describe  (i)  the  antibody  responses  in  one 
outbred,  one  FI  hybrid,  and  two  inbred  strains  of  mice  that 
were  immunized  with  MAPs  formulated  in  Freund’s  adjuvant 
to  study  the  potential  for  genetic  restriction;  (ii)  the  reactivities 
of  the  MAP-elicited  antibodies  with  various  stages  of  P.  falci¬ 
parum;  and  (iii)  the  in  vitro  inhibitory  activity  of  the  MAP- 
elicited  antibodies  from  mice  immunized  with  a  MAP  mole¬ 
cule  containing  CS  protein  repeat  sequences. 

MATERIALS  AND  METHODS 

Mice  and  immunization.  Female  6-  to  8-week-old  inbred  BIO.BR  (Jackson 
Laboratory,  Bar  Harbor,  Maine),  C57BL/10  (Jackson  Laboratory),  outbred 
Cr:sw  (Division  of  Cancer  Treatment  and  Diagnosis,  National  Cancer  Institute, 
Bethesda,  Md.),  and  hybrid  BALB/cJ  X  A/J  CAFl  (Jackson  Laboratory)  mice 
were  used  in  this  study.  MAP  vaccines  were  dissolved  in  normal  saline  at  a 
0.5-mg/ml  concentration.  Groups  of  eight  mice  were  immunized  subcutaneously 
with  25  |jLg  of  a  di-  or  tri-epitope  MAP  construct  three  times  at  4-week  intervals. 
Mice  received  the  first  injection  of  the  MAP  in  an  emulsion  with  complete 
Freund’s  adjuvant  (Life  Technologies/Gibco,  Grand  Island,  N.Y.)  and  subse¬ 
quent  boosters  with  MAP  in  an  emulsion  with  incomplete  Freund’s  adjuvant. 
Control  groups  of  mice  received  a  similar  amount  of  adjuvant  in  saline  or  a 
randomized  MAP.  Mice  were  bled  from  the  retro-orbital  sinus  at  different  times 
during  the  course  of  immunization.  Serum  samples  from  eight  mice  per  group 
were  pooled  and  used  in  all  serological  assays.  All  the  experimental  animals  were 
housed,  fed,  and  used  in  accordance  with  guidelines  set  forth  in  the  National 
Institutes  of  Health  manual  “Guide  for  the  Care  and  Use  of  Laboratory  Ani¬ 
mals.”  The  Center  for  Biologies  Evaluation  and  Research  Animal  Care  and  Use 
Committee  approved  the  animal  study  protocol. 

Peptides.  Schematic  structures  of  the  MAPs  used  in  the  study  are  given  in  Fig. 
1.  All  of  the  MAPs  were  synthesized  and  then  fully  characterized  using  several 
methods,  including  matrix-assisted  laser  desorption  ionization-time  of  flight 
mass  spectroscopy  and  amino  acid  analysis,  and  were  found  to  be  chemically  well 
defined  as  described  previously  (3).  Briefly,  the  MAPs  were  synthesized  as 
follows,  (i)  A  di-epitope  MAP  (T3-T1)  containing  the  T1  and  T3  T-cell  epitopes 
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FIG.  1.  MAP  conjugates  T3-T1  (A),  T3-CS-T1  (B),  and  T3-MSP1 
(C).  MAPs  are  synthesized  as  a  base  pair  of  peptides  on  the  lysine- 
cysteine  core  and  are  conjugated  with  a  second  pair  of  peptides  on  the 
alpha  sulfur. 


from  LSA-1  (8)  was  synthesized.  The  di-epitope  MAPs  contain  the  T3  peptide 
sequence  incorporated  on  two  arms  of  a  tetrameric  core  forming  a  base  peptide 
molecule.  The  T1  epitope  used  in  this  study  has  known  human  and  putative 
murine  HLA  class  I  binding  motifs  (12,  44)  and  is  reported  as  a  potential  T-cell 
epitope  by  amphipathicity  analysis  (24).  (ii)  A  di-epitope  construct  containing 
the  T3  peptide  sequence  from  LSA-1  and  an  N-terminal  peptide  (amino  acids  20 
to  39)  of  MSP-1  (T3-MSP1)  which  was  reported  to  generate  a  proliferative 
response  and  to  stimulate  the  secretion  of  gamma  interferon  (IFN-y)  in  patients 
with  a  history  of  malaria  was  also  synthesized.  The  T1  or  MSP-1  peptide  se¬ 
quences  are  attached  to  the  SH  group  of  the  cysteine  residue  of  the  T3  core 
molecule  by  a  haloacetyl  linkage,  forming  tetrameric  T3-T1  (11,144  kDa)  and 
T3-MSP1  (10,711  kDa)  MAP  molecules,  respectively,  (iii)  Finally,  a  tri-epitope 
MAP  (T3-CS-T1)  containing  T-cell  epitopes  (T1  and  T3)  from  LSA-1  in  com¬ 
bination  with  the  B-cell  epitope  (three  NANP  tetrapeptide  repeats)  of  the  CS 
protein  was  produced.  The  tri-epitope  T3-CS-T1  MAP  (12,737  kDa)  was  de¬ 
signed  in  the  same  manner  with  an  additional  set  of  three  NANP  repeat  sequences 
extended  on  the  ends  of  the  branches  containing  the  T3  sequences.  A  control 
MAP  (randomized;  12,737  kDa)  was  generated  by  synthesizing  a  di-epitope 
MAP  containing  randomized  sequences  of  either  the  T1  or  the  T3-CS  peptides. 

Antibody  assays,  (i)  Peptide-specific  total  IgG  analysis.  Antibody  levels  in  sera 
from  mice  immunized  with  peptides  and  from  control  mice  were  assayed  by 
enzyme-linked  immunosorbent  assays  (ELISA)  using  the  appropriate  MAPs  as 
capture  antigens.  Briefly,  50  |jl1  of  a  0.5-|jLg/ml  solution  of  MAP  in  phosphate- 
buffered  saline  (PBS)  (pH  7.4)  was  used  to  coat  the  wells  of  flat-bottom  Immulon 
II  ELISA  plates  (Dynatech  Laboratories,  Chantilly,  Va.)  overnight  at  4°C.  The 
wells  were  blocked  by  incubation  with  a  5%  solution  of  bovine  serum  albumin  in 
PBS-Tween  (0.05%)  at  37°C.  Fifty  microliters  of  twofold  serial  dilutions  of  the 
test  sera  or  a  control  serum  from  adjuvant-vaccinated  mice  in  5%  bovine  serum 
albumin-PBS-Tween  was  added  to  the  wells  and  incubated  for  2  h  at  37°C.  The 
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FIG.  2.  Antibody  titers  to  each  MAP  in  mice  of  different  genetic  backgrounds.  Antibody  levels  in  serum  were  determined  by  ELISA.  Titers  were 
determined  based  on  the  highest  dilution  of  the  sample  that  generated  an  optical  density  greater  than  twice  that  seen  in  the  adjuvant  control  group. 
The  T3-CS-T1  (A),  T3-T1  (B),  and  T3-MSP1  (C)  vaccination  groups  are  shown. 


wells  were  washed  six  times  with  washing  buffer  (PBS  containing  0.05%  Tween 
20)  before  incubating  for  1  h  at  37°C  with  50  pi  of  a  1:500  dilution  of  horseradish 
peroxidase-conjugated  sheep  anti-mouse  immunoglobulin  G  (IgG)  (Amersham, 
Piscataway,  N.J.)  and  developed  with  an  ABTS  [2,2'-azinobis(3-ethylbenzthia- 
zoline  sulfonic  acid)]  peroxidase  substrate  system  (Kirkegaard  and  Perry  Labo¬ 
ratories,  Gaithersburg,  Md.).  The  plates  were  read  at  405  nm  using  an  ELISA 
plate  reader  (VERSAmax;  Molecular  Devices,  Sunnyvale,  Calif.),  subtracting 
plate  blanks  as  appropriate.  The  ELISA  endpoint  titers  were  determined  as  the 
highest  dilution  at  which  the  absorbance  was  equal  to  or  greater  than  twice  the 
^405  value  in  the  control  wells. 

(ii)  Subtyping  of  IgG.  ELISA  plates  were  coated  with  the  peptides  as  described 
earlier,  washed,  and  blocked,  followed  by  incubation  of  50  pi  of  serially  diluted 
mouse  serum  samples  in  duplicates  for  1  h  at  37°C.  The  plates  were  washed  and 
incubated  with  biotinylated  rat  anti-mouse  IgG  subtypes,  namely  IgGl,  IgG2a, 
IgG2b  (Zymed  Laboratories,  San  Francisco,  Calif.),  and  IgG3  (Biosource  Inter¬ 
national,  Camarillo,  Calif).  Following  incubation  and  washings,  the  plates  were 
incubated  with  streptavidin  peroxidase  (Amersham)  and  subsequently  developed 
using  the  ABTS  reagent  as  described  above. 

Cellular  immune  responses,  (i)  Splenic  T-cell  proliferation  assays.  Twelve 
weeks  after  the  primary  immunization  (4  weeks  after  the  second  boost)  mice 
were  sacrificed,  spleens  were  aseptically  removed,  and  single-cell  suspensions 
were  made  in  RPMI  1640  (Life  Technologies/Gibco)  containing  40  pg  of  gen¬ 
tamicin/ml.  The  lymphocytes  were  separated  by  layering  the  cell  suspension  on 
Lymphoprep  (Nycomed  Pharma,  Oslo,  Norway)  and  centrifuging  at  800  X  g.  The 
lymphocytes  were  washed  twice  with  RPMI  1640  and  resuspended  in  RPMI 
containing  10%  fetal  calf  serum  and  40  pg  of  gentamicin/ml  (complete  medium). 
The  cells  were  cultured  in  flat-bottom  96-well  plates  at  a  concentration  of  2  X  10^ 
cells  per  well  in  complete  medium.  Appropriate  peptides  were  incubated  with  the 
seeded  cells  at  a  final  concentration  of  5  pg/ml  in  quadruplicate.  As  a  positive 
control  a  nonspecific  mitogen,  concanavalin  A  (Sigma,  St.  Louis,  Mo.),  was 
added  at  the  same  concentration.  After  5  days  at  37°C,  1  pCi  of  [^H]thymidine 
(Amersham)  was  added  to  each  well  for  the  last  18  h  of  culture.  The  cells  were 
then  harvested  and  the  pHjthymidine  incorporation  was  determined  by  scintil¬ 
lation  counting.  The  results  were  calculated  and  expressed  as  a  stimulation  index, 
taking  the  total  counts  per  minute  from  cells  in  the  presence  of  peptide  divided 
by  the  counts  per  minute  from  cells  grown  in  medium  alone. 

(ii)  IFN-7  measurement.  Supernatants  were  collected  from  in  vitro  cultures 
growing  in  the  presence  or  absence  of  the  stimulating  peptide  or  concanavalin  A. 
The  amount  of  secreted  IFN-7  was  determined  in  5-day  spleen  cell  culture 
supernatants  (obtained  as  described  above)  by  two-site  sandwich  ELISA  using  a 
rat  (monoclonal)  anti-mouse  IFN-7  antibody  (Biosource  International)  as  a 
capturing  antibody  and  biotinylated  rat  anti-mouse  IFN-7  monoclonal  antibody 
(Pharmingen)  as  a  detection  antibody.  The  assay  was  completed  by  further 
reacting  the  bound  antibody  with  streptavidin  peroxidase,  and  the  color  was 
developed  using  the  ABTS  reagent  as  described  above.  The  concentration  of 
IFN-7  was  calculated  from  standard  curves  obtained  with  known  concentrations 


of  mouse  IFN-7  (Pharmingen)  and  expressed  as  picograms  per  milliliter  of  the 
supernatant. 

Assays  of  antibody  function,  (i)  IFA.  An  immunofluorescence  assay  (IFA)  was 
performed  as  described  previously  (6)  using  the  sera  obtained  at  4  weeks  after 
the  third  immunization.  Briefly,  P.  falcipamm  (3D7)  parasites  representing 
sporozoites,  liver-stage  parasites,  or  parasitized  red  blood  cells  (obtained  from  in 
vitro  cultures)  were  air  dried  onto  multispot  microscope  slides.  Serial  dilutions  of 
sera  were  added  to  each  well.  After  incubation  and  washing,  fluorescein-conju¬ 
gated  anti-mouse  IgG  in  a  counterstain  was  added.  The  slides  were  examined  and 
IFA  titers  were  reported  as  the  highest  serum  dilution  that  gave  a  positive 
reaction  compared  to  normal  controls. 

(ii)  Inhibition  of  sporozoite  invasion.  In  vitro  antibody-mediated  inhibition  of 
sporozoite  invasion  is  the  best  correlate  of  in  vivo  immunity  in  murine  models 
and  was  performed  as  described  previously  (25).  Sporozoites  were  mixed  with 
dilutions  of  test  or  control  sera  and  added  to  wells  containing  fresh  human 
hepatoma  (HepG2-A16)  cells  and  then  were  allowed  to  incubate  for  3  h.  The 
cultures  were  washed,  fixed,  and  stained  with  a  P.  /fl/cipamm-specific  monoclonal 
antibody  (NFSl)  and  a  peroxidase-labeled  secondary  antibody.  The  positive 
control  (NFSl)  is  an  anti-CS  monoclonal  antibody  and  routinely  gives  a  >90% 
inhibition.  All  of  the  serum  dilutions  were  done  at  1:100  and  the  monoclonal 
antibody  concentration  was  100  |jLg/ml.  Inhibition  was  scored  as  the  percent 
decrease  compared  to  control  sera. 

RESULTS 

We  synthesized  well-characterized  MAPs  by  novel  methods 
utilizing  both  solid-phase  and  solution  chemistry  (3).  In  this 
study  we  assessed  their  antibody  and  cellular  immune  responses 
in  mice.  The  study  was  also  designed  to  evaluate  whether  the 
responses  to  these  MAPs  are  genetically  restricted.  Mice  from 
four  different  genetic  backgrounds  (BIO.BR  [H-2^],  C57BL/10 
[H-2‘’],  CAFl  [hybrid  BALB/cJ  X  A/J]  [H-2‘*^=‘],  and  outbred 
Cr:sw)  were  immunized  with  25  pg  of  a  MAP  emulsified  in 
Freund’s  complete  or  incomplete  adjuvant.  The  configuration 
of  the  MAPs  is  shown  in  Fig.  1.  Control  groups  were  vacci¬ 
nated  with  a  randomized  MAP  or  adjuvant  alone. 

Antibodies  to  the  tri-epitope  MAP  (T3-CS-T1)  appeared  in 
all  groups  as  early  as  4  weeks  after  primary  immunization  (Fig. 
2).  There  was  a  consistent  rise  in  IgG  titer  over  the  course  of 
the  study,  with  a  peak  of  >1:100,000  in  the  CAFI  and  inbred 
BIO.BR  mice  and  of  >1:50,000  in  outbred  Swiss  mice  by  12 
weeks  (Fig.  2A).  However,  in  the  C57BL/10  mice,  levels  of 
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FIG.  3.  Antibody  isotype  analysis.  Sera  obtained  at  4  weeks  after 
the  third  immunization  were  tested  for  IgGl  by  ELISA  for  each  MAP. 
The  T3-CS-T1  (A),  T3-T1  (B),  and  T3-MSP1  (C)  vaccination  groups 
are  shown. 


peptide-specific  antibodies  were  lower  compared  to  the  other 
three  strains  at  all  the  time  points  during  the  course  of  the 
study.  The  di-epitope  T3-T1  MAP  showed  a  delayed  antibody 
response  after  immunization.  T3-T1  peptide-specific  IgG  titers 
were  very  low  for  all  the  groups  (except  BIO.BR  mice)  at  4 
weeks,  and  antibody  titers  increased  significantly  by  12  weeks 
(Fig.  2B).  Similar  to  the  T3-CS-T1  MAP-immunized  mice, 
BIO.BR,  CAFl,  and  Cr:sw  mice  produced  high-titer  antibodies 
(>1:25,000)  to  the  T3-T1  MAP  compared  to  the  C57BL/10 
mice  (1:100)  at  12  weeks,  suggesting  that  H-2’’  mice  are  low 
responders  to  all  three  malarial  epitopes  incorporated  in  the 
MAP  constructs.  The  response  to  T3-MSP1  was  also  geneti¬ 
cally  restricted  (Fig.  2C).  CAFl  and  BIO.BR  mice  were  high 
responders  and  C57BL/10  mice  showed  a  very  low  response, 
while  the  Cr:sw  mice  failed  to  generate  antipeptide  antibod¬ 
ies  following  three  subcutaneous  immunizations  with  the  T3- 
MSPl  construct. 

Since  the  isotype  of  an  antibody  may  be  a  significant  deter¬ 
minant  of  the  protective  nature  of  the  immune  response  (29), 
we  also  carried  out  an  analysis  of  IgG  subclasses.  Four  weeks 
after  the  last  immunization,  antibodies  in  all  the  groups  of  mice 
that  responded  were  predominantly  of  the  IgGl  subtype  (Fig. 


TABLE  1.  Reciprocal  IFA  titer  by  vaccination  group 


Mouse 

strain 

Reciprocal  IFA  titer  with: 

T3-CS-T1 

T3-MSP1 

Sporozoites 

Liver  stage 

Liver  stage 

Blood  stage 

CAFl 

6,400 

4,000 

4,000 

3,200 

Cr:sw 

200 

1,000 

800 

400 

BIO.BR 

Negative 

Negative 

Negative 

Negative 

C57BL/10 

Negative 

Negative 

Negative 

800 

3).  Furthermore,  negligible  levels  of  IgG2a,  IgG2b,  and  IgG3 
were  obtained  in  all  strains  tested  (data  not  shown). 

The  MAP  molecules  contained  epitopes  from  different 
stages  of  parasites,  so  the  determination  of  the  antibody  re¬ 
sponse  to  antigens  from  various  stages  of  the  parasite  life  cycle 
is  an  important  aspect  of  the  evaluation  of  the  immunogenicity 
of  these  vaccines.  IFA  analyses  on  sporozoites  and  liver-stage 
and  blood-stage  parasites  were  carried  out  using  the  relevant  sera 
from  T3-CS-T1-  and  T3-MSPl-immunized  mice.  As  shown  in 
Table  1,  sera  obtained  from  the  hybrid  CAFl  and  outbred  Cr:sw 
mice  immunized  with  the  tri-epitope  T3-CS-T1  MAP  reacted 
with  both  sporozoites  and  liver-stage  parasites.  The  same  two 
strains  of  mice  immunized  with  T3-MSP1  developed  antibod¬ 
ies  that  recognized  the  liver-stage  parasites.  These,  plus  the 
sera  from  the  inbred  C57/BL10  mice,  recognized  blood-stage 
parasites.  Apart  from  the  last  IFA,  sera  from  the  inbred  mice 
failed  to  recognize  the  fixed  parasites,  despite  high  antipeptide 
antibody  titers  by  ELISA  in  the  BIO.BR  group.  Control  sera 
were  negative  for  all  stages  of  parasites  at  a  1:100  dilution. 

An  important  and  sensitive  measure  of  functional  antibody 
specificity  is  the  ability  of  serum  to  inhibit  sporozoite  invasion 
of  hepatoma  cells  in  vitro.  Sera  from  the  T3-CS-Tl-immunized 
CAFl  and  Cr:sw  mice  were  tested  for  their  inhibitory  capacity 
compared  to  control  sera.  The  CAFl  serum,  which  also  had 
the  highest  ELISA  and  IFA  titers,  was  able  to  inhibit  the 
invasion  of  79%  of  the  sporozoites  into  human  hepatoma  cells, 
which  suggests  protection  (43).  On  the  other  hand,  the  Cr:sw 
serum  IFA  titer  was  32-fold  lower  and  it  was  only  able  to 
inhibit  the  invasion  of  51%  of  the  sporozoites  (Table  2).  These 
results  suggest  that  the  generation  of  biologically  active  anti¬ 
bodies  to  the  T3-CS-T1  MAP  is  under  the  control  of  immune 
response  genes. 

The  four  different  strains  of  mice  were  immunized  with  each 
peptide  individually  to  study  the  MAP-specific  splenic  T-cell 
proliferative  responses  to  the  homologous  peptide.  Cells  from 
BIO.BR,  C57BL/10,  and  Cr:sw  mice  immunized  with  the  T3- 
CS-Tl  MAP  or  the  T3-T1  MAP  proliferated  in  the  presence  of 
the  cognate  peptide,  while  cells  from  CAFl  mice  failed  to 


TABLE  2.  Inhibition  of  sporozoite  invasion  of  HepG2-A16 
hepatoma  cells  by  serum  from  mice  immunized  with  T3-CS-T1  MAP 


Group/immunogen 

No.  of  sporozoites/well 
(mean  ±  SD) 

Inhibition  (%) 

Media  control 

466  ±  39 

Positive  control 

45  ±  7 

90 

CAFl/randomized 

433  ±  80 

CAF1/T3-CS-T1 

92  ±  14 

79 

Cr:sw/randomized 

390  ±  21 

Cr:sw/T3-CS-Tl 

193  ±  34 

51 
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FIG.  4.  Analysis  of  T-cell  proliferation  induced  by  MAP  constructs. 
Mice  of  different  genetic  backgrounds  (six  to  eight  per  group)  were 
immunized  with  the  T3-CS-T1  (A),  T3-T1  (B),  or  T3-MSP1  (C)  MAP. 
Control  groups  of  mice  received  adjuvant  alone.  At  the  end  of  the 
immunization  protocol  spleen  cells  were  restimulated  in  vitro  with  the 
respective  MAP  at  a  concentration  of  5  pg/ml.  The  results  are  shown 
as  means  ±  standard  errors  of  the  means.  *,  significant  difference 
(Student’s  t  test;  P  <  0.05)  compared  to  adjuvant  control  group. 


respond  (Fig.  4).  The  stimulation  index  for  T3-CS-Tl-immu- 
nized  mice  was  significantly  higher  {P  <  0.05)  than  that  for 
adjuvant  control  cells  when  stimulated  in  vitro  with  the  homol¬ 
ogous  peptide.  When  the  T3-T1  peptide  was  used  as  an  immu¬ 
nogen,  the  inbred  strains  BIO.BR  and  C57BL/10  also  showed  a 
proliferative  response,  but  this  was  complicated  by  a  positive 
response  in  the  adjuvant  control-immunized  mice.  This  sug¬ 
gests  that  the  T3-T1  peptide  may  have  nonspecifically  stimulat¬ 
ed  the  cells  from  the  inbred  mice.  Spleen  cells  from  the  T3-T1- 
vaccinated  outbred  Cr:sw  mice  showed  proliferation  that  was 
significantly  higher  than  that  of  the  control  group.  No  signifi¬ 
cant  T-cell  proliferative  responses  could  be  detected  in  the 
mice  immunized  with  the  T3-MSP1  peptide. 

IFN-y  levels  were  analyzed  in  the  culture  supernatants  of 
spleen  cells  stimulated  with  cognate  immunogen.  No  signifi¬ 


cant  IFN-y  production  was  found  in  the  peptide-stimulated 
cultures  compared  to  media  control  wells  from  any  of  the 
vaccination  groups  (data  not  shown). 

DISCUSSION 

Several  malaria  protein  T-  and  B-cell  epitopes  have  been 
identified  by  epidemiological  means  as  well  as  by  studies  in 
animal  models  (26,  37).  Immunization  with  synthetic  MAPs 
provides  a  unique  strategy  for  generating  an  immune  response 
against  multiple  stages  of  the  Plasmodium  life  cycle.  The  im¬ 
mune  response  of  the  sporozoite-immunized  host  is  likely  to  be 
multifactorial  with  respect  to  effector  mechanisms  and  target 
antigens.  The  combined  effect  of  antibody  and  cellular  immu¬ 
nity,  specifically  targeted  to  sporozoite  and  exo-erythrocytic 
antigens,  may  contribute  to  high  levels  of  protection  that  de¬ 
velop  in  sporozoite-immunized  hosts  (10,  36).  The  develop¬ 
ment  of  malaria  vaccines  to  mimic  this  multifactorial  response 
has  stimulated  great  interest  in  identifying  and  testing  the 
antigenic  epitopes  from  sporozoites  as  well  as  from  liver-stage 
parasites.  A  study  of  the  response  to  the  P.  falciparum  antigen 
LSA-1  during  natural  infection  reported  from  the  Worsera 
area  of  Papua  New  Guinea,  where  malaria  is  endemic,  showed 
that  T-cell  memory  response  to  the  T3  and  T1  epitopes  is  com¬ 
mon  in  adults.  A  correlation  between  an  absence  of  blood-stage 
parasites  and  LSA-l-induced  IFN-y  production  was  also  found 
by  stimulation  of  peripheral  blood  mononuclear  cells  and  sub¬ 
sequent  cytokine  analysis  by  ELISA  (8).  Epidemiological  stud¬ 
ies  showed  that  antibody  to  the  peptides  corresponding  to  the 
N-  and  C-terminal  peptides  and  the  17-amino-acid  central 
repeat  region  of  LSA-1  could  be  detected  in  sera  from  40  to 
50%  of  the  subjects  screened  in  the  Papua  New  Guinea  study. 

There  has  been  a  growing  interest  in  producing  macromo- 
lecular  synthetic  vaccines  containing  multiple  T-  and  B-cell 
epitopes  of  defined  composition.  Studies  have  shown  that 
MAPs  are  better  immunogens  than  linear  peptides  and  that 
they  are  able  to  induce  protective  immunity  against  malaria  in 
rodents  (47,  50).  A  conventional  stepwise  solid-phase  synthetic 
approach  has  been  used  for  traditional  MAP  synthesis  that 
simply  incorporates  a  new  amino  acid  on  each  of  four  or  eight 
arms  of  a  lysine  core  (47).  While  these  MAPs  are  immuno¬ 
genic,  they  are  highly  heterogeneous  as  a  result  of  accumulated 
errors  during  synthesis  (11,  36),  making  purification  and  char¬ 
acterization  extremely  difficult.  This  severely  limits  the  use  of 
such  molecules  in  human  vaccine  studies  due  to  safety  con¬ 
cerns  and  reproducibility  in  the  manufacturing  process.  Using 
a  manufacturing  technique  that  allows  complete  characteriza¬ 
tion,  a  necessary  step  in  large-scale  drug  production,  and  rapid 
assessment  of  alternative  antigens,  we  synthesized  three  con¬ 
structs  containing  immunogenic  epitopes  from  two  of  the  pre- 
erythrocytic  antigens,  CS  protein  and  LSA-1,  and  from  the 
blood-stage  antigen  MSP-1.  The  MAPs  used  in  the  present 
study  are  different  from  the  MAP  developed  by  Tam  and 
others  (47)  in  several  ways.  In  our  MAP  synthesis,  cysteines 
were  used  as  peptide-anchoring  residues  on  a  basic  lysine  core 
molecule.  Two  different  peptide  epitopes  could  be  incorpo¬ 
rated  on  a  MAP  four-core  molecule,  while  Tam  and  colleagues 
used  the  same  peptide  on  all  arms  of  the  lysine  core.  The 
MAPs  used  in  this  study  were  fully  characterized  by  matrix- 
assisted  laser  desorption  ionization-time  of  flight  mass  spec- 
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troscopy,  amino  acid  analysis,  size-exclusion  chromatography,  and 
sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis  (3). 

The  murine  reaction  to  subunit  malaria  vaccines  has  been 
shown  to  be  genetically  restricted  and  dependent  on  the  fine 
details  of  major  histocompatibility  complex  haplotype  and 
amino  acid  sequence  of  the  peptide  epitope  (1,  48).  The 
present  study  shows  that  the  well-characterized  MAPs  can  be 
immunogenic  in  mice  of  different  genetic  backgrounds.  Both 
the  di-epitope  T3-T1  and  tri-epitope  T3-CS-T1  MAPs,  when 
formulated  with  Freund’s  adjuvant,  were  immunogenic.  Immu¬ 
nization  resulted  in  significant  and  almost  comparable  anti¬ 
body  titers  in  BIO.BR  (H-2’'),  CAFl  and  outbred 

Cr:sw  mice,  while  the  C57BL/10  (H-2*’)  mice  were  poor  re¬ 
sponders  to  both  immunogens.  Genetically  restricted  antibody 
responses  were  also  seen  when  the  T3-MSP1  MAP  was  used  as 
an  immunogen.  This  construct  induced  high-titer  antibodies 
only  in  inbred  H-2'^  and  hybrid  H-2‘*^’*  mice.  Interestingly,  the 
outbred  mice  failed  to  generate  antibodies  even  after  boosting 
with  the  immunogen.  This  suggests  that  the  H-2'’  and  Cr:sw 
mice  may  only  respond  strongly  to  the  T1  epitope  in  the  con¬ 
text  of  these  MAP  vaccines,  and  the  FI-2’’  mice  are  generally 
low  responders  to  all  three  malarial  epitopes  studied.  In  this 
context,  it  is  important  to  mention  that  in  previous  studies  FI-2’’ 
mice  were  also  found  to  be  nonresponsive  to  the  same  CS 
protein  (15)  and  MSP-1  (40)  epitope  sequences  that  were  used 
in  this  study.  No  published  report  of  murine  genetically  re¬ 
stricted  immunogenicity  for  the  T3  epitope  is  available. 

Synthetic  vaccines  may  not  always  properly  mimic  the  con¬ 
formation  of  the  epitopes  within  the  whole  parasite  protein. 
This  is  of  particular  relevance  as  it  can  affect  (i)  protective 
properties  of  the  immune  response  and  (ii)  the  ability  of  the 
parasite  to  boost  the  response  in  a  vaccinated  host  upon  nat¬ 
ural  infection.  When  the  T3-CS-T1  MAP  was  used  as  an  im¬ 
munogen,  IFA  titers  against  the  sporozoites  as  well  as  liver- 
stage  parasites  varied  greatly  among  the  responder  strains, 
being  highest  for  CAFl,  lower  for  the  outbred  mice,  and  neg¬ 
ligible  in  both  the  inbred  strains  of  mice.  A  similar  trend  in  IFA 
titers  was  seen  when  T3-MSP1  was  used  as  an  immunogen 
(CAFl  >  Cr:sw  >  BIO.BR).  Interestingly,  relatively  low  IFA 
titers  against  T3-MSP1  were  present  in  sera  from  Cr:sw  mice 
despite  the  lack  of  demonstrable  antibodies  against  this  pep¬ 
tide  by  ELISA. 

We  found  that  an  LSA-l-based  MAP  combined  with  CS 
protein  sequences  in  a  tri-epitope  conjugate  (i.e.,  T3-CS-T1) 
stimulated  significant  proliferative  responses  in  the  inbred 
(BIO.BR  and  C57BL/10)  mice,  a  moderate  response  in  the 
outbred  (Cr:sw)  mice,  and  no  response  in  the  hybrid  (CAFl) 
strains  of  mice.  In  contrast,  the  T3-T1  construct  induced  spe¬ 
cific  proliferative  responses  in  outbred  mice  alone  when  stim¬ 
ulated  with  the  MAP  in  vitro  compared  to  control  cells  treated 
in  a  similar  fashion.  The  lack  of  correlation  between  antibody 
titers  and  proliferation  responses  observed  here  could  be  due 
to  the  cryptic  nature  of  these  epitopes  in  CAFl  mice,  a  phe¬ 
nomenon  observed  in  previous  studies  (14,  16).  IFN-y  is  the 
most  potent  cytokine  to  affect  P.  falciparum  liver  schizogony  in 
vitro  (31)  and  in  primate  and  rodent  models  (13,  32).  In  our 
study,  antigen-specific  IFN-y  secretion  was  negligible  for  all 
the  groups.  Combined  with  the  preponderance  of  IgCl,  these 
results  suggest  that  the  response  was  primarily  Th2  in  nature. 

One  important  test  of  vaccine  efficacy  is  whether  elicited 


antibodies  can  inhibit  invasion,  growth,  and/or  development  of 
parasites.  Since  we  were  testing  a  MAP  construct  (T3-CS-T1) 
that  had  the  NANP  repeat  sequence  from  the  CS  protein 
molecule,  we  asked  whether  the  antibody  responses  in  this 
group  were  adequate  by  an  in  vitro  assay  of  protection.  Only 
CAFl  sera  gave  a  significant  inhibition  of  the  invasion  of 
sporozoites  into  hepatoma  cells.  This  compares  favorably  with 
the  inhibition  seen  with  other  immunization  systems  (43)  and 
correlates  with  the  high  antibody  and  IFA  titers  that  were 
generated  by  T3-CS-T1  in  these  mice. 

The  immunogenicity  of  a  MAP  vaccine  is  likely  to  be  due  in 
part  to  the  complexity  of  its  structure  and  the  presence  of 
several  epitopes  covalently  bound  in  one  molecule,  allowing 
cross-linking  of  surface  receptors  on  immune  cells.  The  relative 
arrangement  of  epitopes  may  also  be  a  crucial  factor  in  deter¬ 
mining  the  immune  responses  generated  when  these  are  used 
as  vaccine  molecules  (1).  The  complexity  of  MAP  synthesis  and 
characterization  has  always  been  regarded  as  an  obstacle  to 
developing  a  well-characterized  product  that  can  be  tested  in 
humans  (28).  To  that  end,  we  have  successfully  synthesized 
different  MAP  constructs  containing  two  or  three  different 
immunogenic  epitopes  from  P.  falciparum  and  have  completely 
characterized  the  products.  The  present  study  shows  that  these 
MAP  constructs  are  indeed  immunogenic  in  mice.  Like  most 
other  subunit  (recombinant  or  peptide  based)  malaria  vaccine 
constructs,  the  MAPs  reported  here  also  generate  responses 
that  are  genetically  restricted  (10).  The  current  study  should  be 
extended  to  test  the  immunogenicity  of  these  constructs  with 
different  adjuvants  and  new  combinations  with  other  protective 
epitopes  in  MAP  formulations  synthesized  using  the  tech¬ 
niques  herein  described. 
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